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ABSTRACT

\t

_\LThe response of the secasonal zhermocline <Zormation aad
mixing =*¢ prescribed wvertical intarior motion is examined.
For +th2 annual and shorter period interior mo=ion cases
studiel, <the response w2s strongest zIor the axrual period.
For an oscillatocy vertical motion having a 15 @ amplitude
a- a2 75 nm depth, warm ss32 surfac2 tampera*urt: znomalies of
up to 2.16?6Ptand cold znomalies of up *o 2.947C are found,
depending on the rphas2 difference betweea <the interior
motion and the annual heat cycle. The ne+ phase-averaged
effect on the mixed layer for annaal period interior motion
is a reducticn in vertical aixing. Higher fregqueacy motion
produces a net enhancement of the aixing.
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Interior ver+ical mo*ior can play a significant role in
the mecharical energy budget of the ocear bourdary layer.
Linden (1975) carried out experiments to cbserve mixed layer
deepenirg in a stra+ified f£luiad. H2 fcund tha+ interrnal
waves are important in +he erergetics of the mixsd lazyer ard
that the mixing process may provids a sigrnificar* source cf
energy for the genereztion of in*ernal wavess., In *his thesis
the interior mo*ion is prescribed and rot affected by tle
mixed layer procssses., However, ths modelling of <the inter-
acticn of frea internal waves with mixed layer prccesses is
an impcrtent area for future study. Lirden points cu% +ha+

(=2
»

did rot acccunt for waves generated elsewhere whick
propaga=e into *he region of coasidsration. Alsc, ke
internal waves corsidered by Linden w2re cf relatively high
frequercy.

De Szceke (1980) fourd wind stress curl-driven ver=ical
advecticn *o be as< important as the er<rairmert rate ir
mixed layer dynanmics. Cus hmarn-Rcisin (1981) likewise Zcund
vind-driven advecticn to be as iIaportant as wind-drivern
mixirg in mixed layer dvynamics and temperature f£ront
forma+ion.

Much werk has been done to stuly the ocean resgense to
storms. Price et al. (1978), 4in <+heir work ¢r +he mixed
layer ressronse *+o stcrms, found it necessary *o iaclude
vartical advection. Price (1981) fourd <hat upwelling wiil
significantly enhance *“he sea-surface <‘crperature response
“c a slcwly moving hurricane. Adamac 2+ al. (1981), using a
two-dimensional model ¢to study the ccearic respecrsae to a
hur-icane, found a strong interdep2ndence betveen aixing and
advection. Sreatbatch (1983) also founrnd advecticn %0 be

11




important in increasing maximum c95ling due =c the passage

if of a stornr.
k Only recently has much b3en donz %o include long
-*»

i interior motion 4in nixed laysr models. Stsvanson
E (1980,1981) axamined th2 responss 2f *he mixed layer when
-; parvurktad by linear Rossby wvaves. He found no mixed layer

response during the first half of the heating seasor while
: +the mixed layer is shallowing and a maximum sea surface
] temperature rasponse at *he end of the heating season and
beginning of tke cooling ssason. S<tevenson found tha+ the
maximum resporse of wmixed layer d=zpth to the wave occurced
a+ or near tha end of <+he cooling s=zason. Also, he found
that the lowest frequency waves produced the greatest mixed
layer d2pth and temperature responses. This study differs
from that of Stevenscn in that a finit: ampli=ude prescrited
interior mo*ion is used ratter than a3 lireac Rossby wave.
This produces a phase dependen* asymmetry in <he mixed layer
response to the interior motion.

Burger (1982) successfully intcoduced tidal period
vertical advection into the Garwcod (1976,1977) one~-
dimsrsional mixed layer model. He found tha* “he in*t=srior
motion had a significant 2ffect on the near-surface *“empera-
+ure fiecld and that the inclusion o9f <the irnterior mctior carn

b e At A s e A s

improve tte model for single swation €-recastirng.
In +his study, the Garwocd (1976,1977) ore-dimensiornal
ccean planetary boundary 1layer mod=l is used. Ver+ical
: advection was added tc the modal. Th2 annrual heat cycle is
a sine func<tion and wind stress is held constant at one dyne
per square centimeter. By keeping the surface bourndary
, conéitions simpla, the effect of the interior mctior carn be
. more readily observed.
; The ipterior vertical actiorn is a prescribed, forced
: interior wave which 4is linear with dsepth and sinusoidai in
time:

12
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w(a,t) = —;-w,s.n (Q_E.’L . ¢) ’ (1.1)
wherce D is a reference depth, 200 m2ters, 2nd W, is the
amplitude ¢f the prescribed vsr+izal motion 2t d4epth, D.
The periods, T, studied are one ys3ar, one-half year, orne-
thi-d year and one-quarter year. The phase differencs, ¢,
betveen the interior motion and the annual hsating cycle is
varied fzom 0° to 360° at incrsments of 22.5°. This
interior motion is general and wmay b2 representative of a
number cf pessible leng pericd pheancmena, fcr example,
irternal Ressby waves or perhaps Ekman pumping on seascnal
scales,

The 6ceanic variables of interast are mixed layer depth,
h, sea surface temperaturz which eguals mixed layer <+cmpera-
ture, Tw., +he heat content, H, anl tha poten+ial enerqgy, P.
These variables are contoured as functions of *ime and phase
fcr each c¢f the pericds studied. Also, contours ace made of
the differences of +these variablzss r2lative to the case of
ro intericr moticn. Thes2 contours are used %> cbserve <he
effect of the irnterior motiorn on the mixed layer processes.

Fur-kermcre, <the phas2, ¢, in =aquatioa (1.1) carn be
replaced ty the expression:

¢ = ] (1.2)

whore x :iIs horizontal displacement and L is some <yrpical
waveleng*h. Thern, at any fixed x, s2guation (1.2) represents
the vertical motion due +*2 the passage cf a travelling wvave,
The wavsleng+h, L, might be, for example, 300 ka for an
annual ktaroclinic Rossby wave ir thz certral north Pacific
(Kang and Maqaard, 1980). Tha phase in equation (1.1) can
thus ke rela*ed to hcrizontal location. The contours of h,
Ta.» H and P versus rhase and tims “hen inrdicate herizental

13
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II. HODEL AND BQUATIONS
A. THE HNODEL
1. Scome Genegral Considerations
For *his study the Garwood (1976,1977) one-
dimensioral bulk mixed layer model is used. The model is

based on the Navier-Stokes equatiocns of mction, assumes the
continuity equation for an incomprsssible fluid znd makes
th2 ons-dimensicnal approximation. The Garwccéd model
differs from previous bulk mixeé laysr models in several
features, The =ime scale feor viscous dissipatien ¢f “urbu-
len+ kiretic s2nergy, TKE, is depsnd=nt ¢n planstary rota-
tion. This allecws fcr a cyclical s-eady state 2on an annual
basis by increasing dissipa“ion for deeper mixed layecs.
Both dcwnward and upward turbuler< hea= fluxas are impor=ant
in this model. Fur+thermore, entrairment d2pzads on the
relative distributiorn cf TKE tstween vartical and Lerizen<al
compcnernts.

Befcr2 continuing, a comment on notation is in
oc-der. An overbar cn a variable will indicate ¢he horizon-
tally averaged mean. A prime on 2 variable will indicate
the fluctuation abcut this herizontal mean. Angled
brackets, < >, will indica“e ve-tically averaged, mixed
laysr mean.

2. Eguazion of Siate

In the Garwoocd modal, <he 23ua<ion of state has the
form:

15
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p=plr-«(T-T) +a(s-5)].

The thermal expansion cozfficient, <,
and is re-computed 3aily.
+ypical density,
tively.
evapcraticn are disallowed)
S, Equation (2.1) tken beconmes

ppolt-4(T-Te)] .

The constan<ts e

and s2t 2qual to

B. THE HEAT EQUATION

1. Ipizial Fozm

The time rate c¢f change of temperature

<he one-dimsrsioral heat egquation:

a7 S Q \ — = 1E
T . é_<w:1-')+f’-(———-)—wil+ w =T
o )2 Jr \PCp )z et

temperature and salinity values,

(2. 1)

is a function of T
T. and S, are

respec-

In this study, salinity is fixed (precipitation and
the value of

is given by

. (2.3)

The first term on *he right is vertical turbulent hesat flux,

+he thi-3d
diffusion.

the second is so>lar insolation,
temperature advection and the last,

solar insclation will Dbe

sucface (in +the first few centimeta2rs) of th2 ccean.

the sclar insola*ion term will be dropped in
surfac2 tbtoundary coeordition on +the turbulsrnt

Equation (2.3) then becomes

- _— ;‘L?
__T__ _a(.:_‘—g_t *
ot E“T) Wiz v R e

16

is wvertical

All of <+he

assumed to bz absccbed at the

Hence,
favor of a
heat flux.

(2.4)
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Ir *his model , 12ixed layer temperature is assunmed
*0 be ver+tically homcgerneous. Equation (2.4) ther r-educas

to

—

oT, S
atm ) Jz(W‘T' ) -

for mixed layer zemperatur2, T - dbviously, T, _ is =2qual
to sea surface <+emperature2 becauss of th: vartical homoge-
neity assumption in the mixed layer.

Tke surface bcundary condi+«ion on heat £lux is given

by:

(WlTl) = - ‘o c (2.6)
L

wvhere the 2ers> subscript indicates the value of w'T' a%t z=0.
The net surface heat flux, /Py !s prescribed +¢ be
harmonic in time:

Q CO sin (lﬂt > , (2.7)
e Cp Fecp Pyser

The amgplitude of <this sine function is se*t equal “o a
representative mid-latituda value 5f 4-10-3°C cm/sec. In
this study, heat flux is positive downward. Time t=0 is <he
tar+ of the "heating season®, when Q firs+ Dbecomes

positivs.
The boundary conditicr on heat flux at +the base of
tha mixed layer is given by %*h2 entrainment heat flux,




T

£ Sunliiia &

. e

(2.8)

(W) = -aT w. ,

h
vhare the subscript, h, irdicates the value of w' T’ at z=-h,
+he basz o0f “he mixed layer. Tha2 variable, We is the

en<rainment rate and AT is <thz tzamaperatuc-e juap across <+he
entrainmernt zone at the base of ths aixzd laysr. The <urbu-
lent heat flux is linsar with depth ina the aixed laya2: (due
*+o0 the assumption of a well-mixsd layer), mcnoc=cnically
dec-easss with depth ir the entrainmant 2on: and is zeoo
below. The profile of turbulsn: hesat flu W

Figurce 2.1, The net surface hsat fiux variss from positive

-ATW‘ 2 -G/'(P ——— N

Figure 2.1 Turbulent Heat Plux Profile.

to negative values according <to squatzioa (2.7). The
entTainment hz2at flux tszrm, -~-OT d2, is always nega:ivz ot
z279%. This is because the entrainm2a% c-a%e is positivs when
the mixed layer is dzepening buz "-ucas off" and is zerc forc
noa-¢ntzaining shallcwing casas. Th2 <thickaess of <ha

18




entr-ainamers 2one, 4, is assumed > be much less <han <hs
dep~h 0of zhz mixed layer, h.
Bguation (2.5) now becoa2s

oTa, - G _ AT We (2.9)
ot Lo Cp b N

ot
o

-io

1]

12 2Nt

]

ot 2 tha+t the advecticn ta2rm is absaa<. Thus,

(2]

(44

motion does rdt dicectly affec:t th2 pixa24 layer

of

(1]

mperatures.
Instead, <hs interior amotion affects the mixed layer

tempera:ure indirectly througk the vaciables h, AT and We,

AELm) 6.09

IR 0 S,

-199 T ------------

Pigure 2.2 Initisl Temperature Profile.
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The initial <+empsra=ure prafila is given ip FPigurs
2.2. The reference depzh, D, is 207 m and will be us=ad in
some of <h2 egua%ions in latsr sections.

2. Scale Apalysis anpd sSimplification 2f the Hea:
Egyation

Consider now the -ela=zive nagnztudés of ¢+he +erms of
egua+ion (2.4). In +«h2 mixed laysr, <the <=smperituc-s may
chanrge by as much as 10°C in a half year. The <1 of
change ~f mixed layer temperature would then b2 2or <he ordec
of 10-6 °C/sac or less. 3Be2low +“hes 2ixsd layert “hs =<ime rasze
¢f change of <emperazure of Zluid pazzicies will genarally
b2 smaller.

The firs* taorm on =h2 righz o 2aguztion (2.4) is th=
turbulen+ heat £flux ¢term. In the nixed layer, the only <sIa
on the right side of egquation (2.5) is the tuc-bulen« heat
flux. Thus *his “erm will scale with tks seasonal tim= ra=e
of change cf mixed 1laysr temperatur 23, 10-6 °C/sec. The
ptescribed surface heat flux boundary coadition, Q/p.c,, has
extreme values of +4-10-3°C cm/ssc. The value 9f h varies
from arouni 30 m to arourd 100 a. Thus, +he firs+ tetm ¢
the right side ¢f egua<ion (2.9) has 3 range of values
between :10-6°C/sec. The second zerm on the right ¢cf equa-
tion (2.9) bhas roughly the same order of magnitude, but it
can onliy te nega<ive. Below the mixzd layer and entrainmen*
zone, that is, below %ha flux £2g9ion, <+he turbulent heat
flux ternm vanishes.

Next consider the advection <3rm in =2gquation (2.4).

Recall that <+his term is 22ro ia th2 mixa2d4 layer. The
gradient of +the temperature pcofils just beldow the mixed
layer 4is initially about 10-3°C/cm. buring the heating

ssason -he <*temperature at the top of the thermocline will
increase, but the vertical extent of the thermccline will
iso increaze as the nixed layer shallows. This term should
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thus ke expected to Lave the same ordzrc of magnitude. The

amplitude of ¥ will be prescribed acccrding *o egquation

(2.19) in section D.

The maximum v2lue at 200 m depends on

the wave or oscillation frequsncy, bu< it will be on the

order c¢f 10-3 cm/sec.
lesser depths.
equation (2.4
the mixed layer.
Finally, considar +he
2.4) . This term vanishes irn
mixed layer a reasonable scale

tzmperature is on the o-dar of 4*°C/ (5000 cm) 2,

The result is
should be of the order of 10-¢°C/sec below

This ampiitade . will be smaller a*

that the advection =zerm of

diffusion term of equation
Below <he
for th2 seccnd desrivative of

the mixed layer.

typical

range of values for the eddy diffusivity, K, 1is 0.1 %o

0.5 cm2/sec. Thus, the diffusion term has a magnituds of

about 10~ «o5 10-7 °C/s=ac.
smaller ttar <the otker “erms
frem now cn, be neglected. The
ke simplified <o

d

¥
Q
n

C. HIXED LAYER DEPTH

of zquaticn (2.4)

-l
i
!
\Q/
A
-1~
l
[
i

The diffusior =erxm is much

and will,
heat equetion (2.4) <hus can

- . (2.10)

In <h2 model 5f Garwood (1977), <“he mixed layer either

shallcws tc a re+reat depth, hy,

ment rate, We,

or d:epz2ns at the entrain-

The retzea+ dapth is de+termined by assuming

steady sta+e conditions for the turbulent kinetic energy
tudge~, 1let%ing entrainment heat flux vanish and letting
<w’ 2> approach zero. The resulting equation for re“rea*
depth is




dr2 (2.11)

_ m‘u.b - W\‘(E>
" (3/72) (%7 ),

(Garwcod, 1977). 1In this eguation, m, and m, are dimensicn-

lass model constants, x 1s the thermal expansion coefficient
i ard <E> Is the mixed 1layer mean turbulert kiratic snergy.
“% Also, u,, =he f-icticn velocity, is the squarce roct of the
' surface wird stress divided by d2asity. Througlout this
h study, it is set equal £o onre centime<er per secornd. Since
mixed layer mean turbulent kinstic znergy cdepsards corn surface
boundary conditions, the -etreat depth is independent of <he
prescribed interior mction.

In “he case of activa en+rairment, the mixed layer deep-
ening rate in the model dsperds on th2 entralnment rate and
i F W., the mean vertical valocity at “h2 bottcm of *h2 mixed
lay2r dque to the prescribed interior motion:

oh =
at e h o

(2.12)
k- o The ent-airment -ate, We, depends oa <the sntrainment zcne
1 temperazure jump, AT, and the 2ntrainment heat flux (see
: equation (2.8)). The entrainmant h22t flux is mcdelled by
f A ‘2 =
(_'_.___‘\ - 'mﬂ(w ) <=> , (2'13)

(Garwcod, 1977), where a, is a modsl ccnstant. The
entrainment rate can then be exprass24 as

sm  (WEYECED

Wo = — . (2. 14)
ujk Al




Therefore, equations (2.12) and (2.t'4) give a scluticr for
Jh/ot if W, , <#" 2> and <E> are known.

For moderatsly strong wind s:ress, mixed laye: mean
“urbulern+ kinstic energy, <E>, depends primacily or surface
wind s+ress, which is held <constant hers. Tha vertical
component of turbulent kinetic ersrgy, (v 2)172, depsnds
primarily cr surface heat flux and surface wind s+<ress.
When th2a surface heat flux becomss large enough, +this term
tecomes zerc, s*“opping tha <eatrainmant procsss and permit-
+ing shallowing, These two +t:tzas are unaffzctsd by +he
interior mo+ion, The entr-ainment ~ate is affzscted by <he
mean vectical actiorn indirectly as 2 zssul« 5f changss in
mixed laysr d2pth, h, and 2n¢rainment zone *tempsra*urz Jjump,
AT.

D. INTERIOR VERTICAL MOTION

Censider for “he moment a “wo layer, deep ocsan with the
upper layer about 200 m dsep anil the 1lower laysr about
5000 =m deep. Assuming the £fluil is incompressible, t*he
con*inuizy equa*ion is diff=rentiatsd with respect to z:

k3

L2

at,_w=-j‘a-o’ v, (2. 15)
xXod J‘di

vhere U, ¥ and W acze the mear va2locity components ir si“her
layer. Furttheracra, assume tha< horizontal momentum \is
ver+ically wvwell mixed in the upper laysr. Thus,

5
I<i

1e] (2. 16)

L=

L4
@
w
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Than ¥ must be linear with depth in <ne upper layer., With a
rigid-1id aprroximaticn, # = 0 at th? surface,

Our intersst is confined «o th2 upper 200 m and a linear
vertical profile for W is a goecd approximation for lomng
pericd interior motion. The func+<ional deperdence cf W or z
is

wi(z)= - < z (2.17)

wvhere D = 200 m is the reference dapth and Wy is <the
interior verzical mo*ion az 200 a given by a sinusiodal
function of +ime, namely

Tt
Wy = - W sin (B - ), (2. 18)

The amplitude, W,, is defined by

-QWD 15 m
vg = : .
W = T5m (2. 19)
For ths QR 2-yea:s paricd ipterior motioen,

W, = 8410-% cm/3:2c = 69 ca/sday. Th2 value of W, will be 2,
3 and 4 <*imes this for “he one-half, ore-+=hizd and one-
quarter yea- periods, respectively. Thase values of W, are
selected so that tle displasement 2amplituds at 75 m is
approximately 15 m. Th2 actual valuss of the displacement
amplitude derend on phase and will b2 i1iscussz2d helcw,

Cembining equations (2.17) and (2.18) yields the
equation £cc *he prascribed interisr moticen,

S

w(2,t) DW,s;n(T +¢). (2. 20)
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The formula for taz particle position due to <=hs in<erio:
motion can be obtained by noting tha= W = dz/3-=, zrd is

-T W, aft i
‘CU‘J . 2.21
ND[M( = +¢) (,t)]} (2.21)

given by

2 =z 2, €xp

For any fix:=d phase the maximum and mirimum values of z are

giver by

2. = Q.P{% (— | = cos x)} (2. 22)
and

2 = g,e.,a[;:.\; (4»1 PN q/\J . (2.23)

The peax-+o-peak displacement amplituds is «he difference,

T \e T v ), ‘TW°>-‘ 2. 26
J_ﬂ-D (31 )[CKP(JWD‘)-:xP< ,)_Tf-l) J ] ( )

M
3
s
x
'
™~
3
b}
]
33
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The maximum peak-+o-peak displacemen+ amplitude will cccur
wvhen cos@ =41 and +he owminimum when cosg =-1. Por the
vertical wmction awmgplitude givan by equation (2.19), a
particle with an initial positior at 2=-75 m will experience
a displacem2nt zmplis<ud2 (half of the peak-=o-peak vaiue)
ketween 12.4 and 18.4 a.

The model <ime step is one hour. This is much smaller
than the cne-year or even cne-quartar year periods consid-
ered. Hence, siace Wy does no* vary significantly over a
cna hou:r “ime s<ep, *he integral of (2.17) can be approxi-
mated by
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2, % 2, exp(_ _\%g_ At) (2.25)

where at=t,-t, is thke +ime increment (cne hour) and W, is
obtained <£zom equaticn (2.18). In the model, vertical
advaction i{s handled by compressing or expanding the
vertical grid according “o equazion (2.25). No significant
difference in th2 -ssul*s was found betwveer model rumns using
equation (2.25) and equation (2.21).

The vertical increment is initially one meter, but this
varies as a result of *he compression or expansior of the
vartical grid. This variazion in the vertical increment is
never more€ *han about 25%. A corsaquznce of this scheme is
that <the lowest grid poins is no* always &t 2 dep=<h of 199 nm
as in +the iritial precfile, Figure 2.2. Care must be takazn,
therefore, when performing vartical integration £rom the

surface +¢ th2 rafzcance dep=h, D = 200 m. The inzegrals
+hat will ke caiculated in <h=2 azx= ectionr invclve +he
temperacure differance, T-7,. Propbiens with varying the

grid size <can easily b2 avoided by set+ing <ths reference
temperatuze, 7., 2qual t> T,, <he i<ial “empercature at
200 m. This way, T-T, will always be zero at the basz of
the ver<tical grid. The grid is initially made deep enough
s0 that thke seasonal thermocline nsvar reaches “he bottcem of
the grid; hexce, T, always equals i=s initial value, 6.08°C.
Suk=rac“ing <he reference temperaturs, T,, from tempera-
ture, T, :in <he integrals in <th2 n2xt section amounts to
subtracting <the <erms:
[]
- Hae=-T0D (2. 26)
-

and
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e T, D* (2.27)
), =
Since T, alwvays remains constant, bdth expressions, (2.26)
and (2.27), will alvays remain constant. Subtracting T,
from T will amount to subtracting constants from the
integrals ir the next secticn.

E. POTENTIAL ENERGY AND HEAT

The rotential energy per unit arza for a column of water

from the surface to dep<h, D, is given by

PE e 2.28
ec = \s (}Io 2 dz. ( !
Wi e b —b
Employing <equa*iorn (2.2) with T, as *“he referencs

temperature, 2llows aguazion (2.28) to be written as

' PE e )
— e T T T-7): : . 2.29
f:L‘) ()° AC @ j ( ! lb) édz t+ kOanuhf . ( )

-D

The ccnstant in <quation (2.29) is

j j‘oot da2 = - _D_.z.'.-- . (2. 30)

g o, 2%

The integral in equa<ion (2.29) will be used for the compar-
ison of the po+eazial ensrgy with and without the interior

motion. I+ will be represented by the variable P with units
of °C w2 where

Pz (T-T)ads . (2. 31)
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Similarzly, hza* conteat wil: bz indica+t=2d by the variable H

with units °C m whers

o | (2.32)

The analysis of the physical effacts of the interior
motion can te facilitated by developing the expressions for
the <ime rate of change of H and of P. First,
differentia<ing asguation (2.32) with raspect %o time gives

i
<

oH B<T =')4;. (2. 33)

Equation (2.33) can be written as

2.
~
P4

_ al't .
ot

H S° T (2.34)

P

€ -D

Substitu+ing equation (2.10) for th= <ime ra*e of change of

tempera+ure in+to equa<tion (2.34) yialis

oH ® 5 | —— ‘o___ L=
—T'=-§ (W T ) - WL de (2. 35)
NC -D ~ -D =

The first term on ths right, when integrated, is just the
net surface heat flux. Subs+ituting equa*ion (2.17) into
+he second *erm on the zight of (2.3 and in+egrating by

parts gives
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-D c - -0
Using equation (2.26) this can be rewritten as

{U— J= .9 (2.37)

- W —‘—c«e—-wvs = Wb
g - R R WP - — M.
-

Fquation (2.35) can ncw be written as

L s (2. 38)

The formulation fer +he +timz ratz of change of the
pctan+ial erergy is similac earnd is givan by

P - ~j-° o 2 ol e (2.39)
P o €

Substituting equazion (2.10) in%o (2.39) yields

- A . 4 —
LY o t B
et -D -D ¢

The izst term in egua=ion (2.40) «cax be integrated by

parts:
0 . i} -0
Jr e @myas =@ - | @ aa. (2.41)
D ¥F D P

The first <+erm orn the right of aguation (2.41) vanishes
because w'T' = 0 at z = -D. Since w'T' s zero below the
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entrainmert 2one, equa=icn (2.41) -educes o

;O
)

) —_— e 2.42
J 3?—(w'rﬂ=42= -g (W'T')A}. ( )

>
t-

o
D ch-o

This integral may be broken up ovar the mixad layec- and the
entraiament 2zone, prcducing

e o S (2. 43)
TP N e~ S
-p d3 )
<k-‘.
where <w'T'> is the vertically avarag2d mixed layer mean of
the +*urbulent heat flux. inc2 w'T' is linear with respect

<0 2z ir the mixed layer, this @mix2d layer mean can be
written

O

-(w—'?>=—'£( AT We). (2.44)

o ©

P

der the seccnd <term on the right sids of

o
[l
=
[+]
|'
[
o
3

$oe

Cens
(2.40). Substituting zquation (2.17) for W and int
bty par+s yields

o
[Te]
(a ]
[
ot
[W)
2
[Ye]

- <

f o oF L e 2.45
jzw;.lz = ,_“_D(+D"TD +,1j Ticl£> ; ( )
-D 92 D \ - D

using equation (2.27) this can ba rewri+ten as

¢ = 2ws (°
2R i 22 (-7 auas -2 p, 2.t6)
o o2 D ’S >

On combining 2quations (2.40), (2.43), (2.44) and (2.46),
+he time raze 0f change of *the potsn<ial energy variable now
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tecomes

o ' A h

f' : b_(_d.... + AT\";6>‘j U‘_:l'—'.-IZ"::WD 2 (2. 47)
o C ul ,’0.: g‘, - D .

kg

Because +ths turbulen= heat flux is morotonic across =he
entrainment 201, as illus=tra*ed in Figure 2. 1:

(2. 48)

This indica<es =hat the integral z=rm in equation (2.47)
should gens-ally pe smalls:- in magnitude zhan +*he first term
¢cn  +he right side, unlass of course, th2 surface &nd
entraiament heat fluxes n2ac-ly caancsl.
Actual wvalues of <+he terms of 2qua

calcula-ed £or oSpe-yea- period inzeziecr mo+ion at <two
different phas2ss and ths sccond zsram on tae right of <zhe
equation was smaller than the £ircst, usuzlily by on2 ozdez= of
magni<tule. Fur<hecmers, *he <whird term on the <rtight was
genezally an order of magni<ud=2 largar than eithez o0f %he
other “wo. Ejua“inon (2.47) will thus be approximated by

G (2.49)
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IIT. EXPERINENIS AND BESULTS

A. SUNBARY OF PERTIMNENT EQUATIONS

The eguatiopns for time <-ate 5f change of mixed layer
depth, mixed layer (and ssa surfacz) =eamperature, hea+ and

potential energy are

o h . = (3.1)
—_— = W, - W
s ¢ hoo?
oTmL G . AT we (3.2)
, = _—
[4d ot |7 "’P h h

T & (AW

= > - = H ’ (3'3)
s t ot >
ard

.‘ P ) i

Sl h b L ATwe - WP (3.4)
o t 2 H; C'\ 2 D

The retceat daptk is givan by

- 3/2
hy = ~™3 &y > & my L8 (3.5)
’
.;(L! G
2 s Cp

vhere (w'T’) has been replaced by a3uation (2.6).
The entrainment rate is givan by
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S (3.6)

AT We = '“H(:-_i)‘“-i

ooy

The prescribted net surface heat flux Is given by

G = S . ____lﬂ‘t\ (3.7)
. Cp (°.<-f7 Ly ear

and is plotted as a function of time ia Figurs 3.1.

] o
N\A/\'q’\-f) (YC Lm/se )

wrd-d - - -

HEATING

dk\y »

Figure 3.1 Net Surface Heat Flux.

The prescribed wvertical moticn at the =zference depth,

=200 a, is

.,1.‘.7.1: . 4,) : (3.8)

By substi%uting

vhere W, is defined Ly equation (2.19).
¥, varies

z=-h in<o equation (2.17), it can be seen that

directly as h and W,.
Some addi*ional nctation will ba useful for the discus-

sion of the results. To observe the affect of the interior

T e ame g wmn e e av o

b

>

33




' mcticn, the values of h, T, , H aad P are compared to these
1 withou:z interior wmction. Cortours ac2 plotted c¢c£  <+ha
difference of mixed layer depta with and without the
intericr motion, likewise for mixed layer “emperature, heat
and potential -energy. Therefcre, the following new

variatles aze definad:

PRI N o g

Ah = h - w (3.9)

3 YR ?
; AW T W= Wl (3. 11)
f‘ Ar = p - F l;;so . | (3. 12)

B. RESULTS WITH MO INTERIOR NOTION

The mixed layer depth has bean plottad in Figure A.4.

Note that the wvertical axis scale is inver<ed for clarity.

! The yea:r was stacted at <Le beginning of the heating season

and the mixed layer retreats for <ha first gquarter year.

Then the mixed 1layer deepens slowly for the next half year

and mor3 rapidly in the last quartar. In the last few days

the aixed 1layer shallows ¢tc the <==0,1 year,...,a-years
cyclical steady state value of about 75 m.
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N
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The mixed layer temperatucs, T_,,, is plctted in Pigure
A.5. As expected, *he mixed laysz <temperaturs increases

during the heating season ard decrsases during +<he cocling

a
n
W
>~

season, fcor the most part. Hcw2vsr, nc*t2 <wha*t *h
mixed layer *smperature occurs arourd day 170 and T, _ s*zris
to decrezse “en days befcre th: end ¢cf +he hea*irg seasch.
This is keczuse the entrainment heat flux term has begun to
domina<2 equation (3.2). Scme entrainmer+t had already
stac*ed fif+y days =ariier. By day 170, <+ovards the end of
the heating season, AT has reached izts la-gest value,
7.8 °C. ¢n day 170 +hkhe cooling of zthe mixed laysr due %o
entrainment has reached 0.021°C per Jay while <the surface
heating has droppad +o 0.030°C per day.

The heatr content, plotted ip Figurs A.6, depends cnly on
surface heat flux for “he cas2 o¢f no interior motion (see
equa+ion (3.3)). Any heat lost from <he mixed layer dus <o

entrainmenr* will be gained by the ragion below. Since hea*
is calculated from the surface to 200 m, entrainment will
have no effect on its valua. .

Potzntial erargy per uni* area is plotted in Figure A.7.
This, +%o0c, 4Jensrally increases with heating and decreases
wish cooling. dowever, note that *h2 peak velue occurs a+
about day 305, 25 days into the cooling ssason. This is
because tpo-an*tial energy 1is also increased by mixing as
indicatsd by equatiorn (3.4) . The 2ntrainment term dominates
equation (3.4) from day 170 until day 305, when <the ne+
surface ltea*t £flux 4is near zero. A close ipnspection of
Figure A.7 reveals tha*t the potenzial energy at +he end of
+he year is grea=er than <the initial value. Specifically,
the initial valu2 of F is 19608°C m2; <the value at the end
of “he fi-s* mod=zl year is 20204°C m2 and at the end of the
second year is 20579°C m2. This increase in the po=ential
enargy is du2 to the adjustmen~ cf <the tsmperature profile
as *he occan approaches cyclical stsady s=ate
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Figures A.1 is a plot cf tempzraturs versus depth zand
time. The top of thke graph where *he “emperature con:tours
are ver+tical is =he mixed layer. Th2 mixed laysr structure
is quits evider< after the first gquarter year due to the
strong emperature gradient at the base of the mixed layer.
Note that +*h: temperature profile at any depth ©Lelow <he
nixed layer is left urcharnged until mixirg reackes +hat
depth.

C. ORE-YEAR PERIOD INTERIOR MOTION

The zerc contours of “h2 prescribed in“ericr moticn have
keen rawn in Figurze A.8 with upwelling and downwelling
indicazed. The dotted contcurs indicate when the magnitude
cf the irn<erier moticn drops to half of the maximum value,

During <h2 f£irst quarter year thes mixed layer is shkel-
lowirg. Since the «=cetrez<t depth depends primarily orn
surface kcurdary conditions, mixed laysr depth will be unaf-
fected by intarior moticn at this tias. This is borne out
ty *he contcurs of Ah (defined in 2gquation (3.9)), Figure
A.10C. The firs< quarter year shows 5o diffzrence in mixed
layer depth. With little or no effsct on mixed layer depth
during “he first quarter year, +hare will be lit4<lies cr no
difference in the value of the first term of equation (3.2)
with and without <*hke intericr motion. The ssccnd term of
equation (3.2 will ke zero at this time sincz entrainment
s=ops during shallowing. Hence, mixed 1layer temperature
will alsc remain unaffected by th2 interior motion Juring
+he first quarte:- year. This can be seen in Figure .12,
Heat and po-ential energy, on the other hand, are influenced
by the advection 5f temperature in th2 *hermocline as indi-
cated\by ~he presence of the last term in equazion (3.3) and
equation (3.4). Thus, the interior motion will influence
hea+« con=ent and potential energy even during <he £first
quarter year (Figures A.16 and A.18).
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Equation (3.1 indicates <that downwslling will
erhance deepening, and upwelling will -educe deepering. In
Figure 1.9, i+ can be seen <hat 3dszpszning s+*ill dces cccur
after the first quar+ter y=ar as iz did withcut aﬁy inzerior
moticn. However, the rate of J2epaniag depends orn phase.

At “he 90° phase, hers is upwelling dnc-ing <zhe
m:ddle half of the mcdel y2ar (ses Figure A.2) reducing *he
rate ¢f deepening. At day 274 cdownwzlling begins ard *he
mixed layesr begins tc despen more -apidly. The very =zapi
deepening in the last quarter of tae yesar fc <his chese
resul+ts Zrcm both =zantrairmenc and downw=2lling working
+together, Calculated values ¢f *hs tarms of equaziecr (3.1)
indicate +het enzrainmenr is the 3cminant term mwmos*t cf the
time durirg deepening. In ¢this exampls the entrainment rate
has been enhanced by ocondizicns s=t=-up by <+he interior

o]

moticn. Equation (3.6) indicates thzt entrainmen+ rate, We,
is inversely proportionai to mixed layer depth, h, and
ertrainment 2zone “empsrature jump, AT. Compare Figure A.2
to Figure A.1 (=he case #with no intacior motior) ané A.3
(the 270¢ nhasz case). It can be sza2n +that at +<he star+ of
*he las< quarter of +he yaar the 90° phase case has a nuck
lower mixed layer temperature than the other two cases (the
reason for this will be discussed in <the aext <sec+ion).
This lcwer mixed layer *eamperatur2 m2ans tha< <+he entrain-
Zent 2zone t:mperature jump will be smaller, allowing for a
lacger 2n%rainment rate. At the start of the last quarcter

of the year, +*he differences in h are not as significant as
those in AT.

Por example, the values of AT, h, We and W, have
teen calculated for these thriee cases for day 280. The
mixed layer depth, he 1is about 50 m for the case without
interior mo+isn, 65 m for the 90° phas2 and 68 m for the
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the *“empera+<ure jump zfor the 90° ph
is 1less than half ths 2.9°C value fcr the case wi=h no
intericr mo=ion which 4in turn is less than <+he 4.7°C value
€or the 270° casa2. The entrainment 7rats for the 90- phase
case is 90 cm/day compar=sd *o 43 cms/3ay for =h2 10 in=erior
motion case and 22 cm/3ay for tha 270° case. For both
phases considzred, <+the iaterior mction is at leas* an order
of magnituds smallec than <the antrainmen< rate.
Neverthsless, a< day 280, <the dz2p2ning in +he 90 - phazase
cas? is h2lped a 1i“*le by dowaweliing and in =hsz 270° case,
hindered a little by upwsiling,

In ths last Za2w days of ths y2ac-, ~he increase iz
mixed layer dspth begins to *ake over, particulazly fo:r the
90 ° cas=. This inhibi¢s furthser. 2rc¢za e
lay2r +hen rapidly shallews <o the cyclical stsady-stzate
value of 75 m (Figuze 1.9).

In *he 270° ghas: cass (Figu-2 A.3) +*here is 4
weliing during tne middle half of <hs year, which incre
the deepening of the mixed layer. By the start of +ha las¢
quar+er cf the ysar, *he mixed lays:- is warmer th <h
case wi*h no interior mction oz 1n th2 90° phass ca
leads to a larger value of AT and a =ceduced en=
rate.

Ccmparing Figures A.8 2nd A.9 i1+« can be gceen =ha=
mid-year aupw2lling is associata2d wizh =a ceduced raze of
deepening and mid-year Adownw2liing is =assosizated wi<h an
increased deepening rate. Looking a- Pigure A.10, it can be
seen that the actual decreased or inc-eased values of mixed
Jayer depth 1lag the s«art of upwelling or downwelling
(cespec-ively) by 90°. The time rate of change of mixed
layer depth tracks along with tha in+terior wmc+ion in
accordance with equation (3.1). Howavar, actual mixed layer

depth is the integral of <+his and int=agrals of periodic
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functions lag them by 90°. Also note <that the s=trong

enhancement of and strong hindrancs to dsepening at th2 end
- ‘ of the yea- (Figure A.10) lags tahe strong decrease and
f strong iancrzase in mixed layer temperature (Figure A.12) by
about 90°.

1<

2. Effsct on fiixsd Lay=r Tamparatur:z

Consider now the mixe liyer heat egq
The net surface heat flux is presc

+he interior motion. The eatrainmsat
equation (3.6), is iaversely ovraportionzl <c
depth. The o+her ¢

on surface boundary condi<ions. So, the first t=zrvT

m
erms in =qua<ion (3.6) depard primerzly

tion (3.2) <Zis iaverssly proporc*ticnal to i
h, &and <he s2cond, inversely gpreopoctiornal tTo +h
- h. This <Zimpli=s that an Incrsase in b will
magnituds of mixed layer =emperaturz changs; a dec
will increass thz2 change ir T... This iz because, wi=h a
deeper mixed layer, a given amount 0Of hea=z ad
removed from tha mixsd layer must b2 spread over 3 larger

mass cf watz:o.

- This sffact is illus
Figures A.2 and A.3. In Figuze A.2, <he mixed layer :is
shallower “han in Pigurs A.3 €rzom 2bout 3av 130 =0 zbou= d
300. This resulted from the @id-yza- upw
phase case and <“he 3id-y=ar downw2lling £
The shallow=ar mix=2d lavas in Pigurs A.2
more ragid temperatuze drop than occurs with “he d2
mixad layer of Figure A.3. This can b2 seen in the srhanced

' gradients in Figure A.2. Afrer day 300, zhe rapid deeperning

% of the mixed layar for the 90° phase cases ani slow deepsning

for the 270° case reverse - he situation.
To sea the aZfact o0f the Iintezior motion for all of

+he phases, the T.. contours should 2ot be compared diraczly
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to the interi>r motion contcurs but ra<her <+o “he contours
of the mixed layer depth diffscrence, Ah (defined by equa-
tion (3.9)). Bstween the 0° and 180" phases, after day 180
theze is a regiocn in Figure A.10 whare <he mixed layer is
shallower with the interior motion +han withous=. This
causes =he mixed layer t2mperature decrease (~he second half
of the year is the ccoling season) to be g-ea-=er, rCesulting
in the negative values of LATML in th2 last quarcter yearc a+
these phases (Figure Aa.12). Betwz2n <the 180° and 360°
phases the opposite occurs.

At the end of the year the mix=d layer depth returns
0 75 m. Mixed layer temperatur» dJdoes not ceturn to its
initial valns. The second y=az 7, da=a is plorted ir
FPigures A.13 and A.14. The =243uc2i <=mperatures for phases
0° %0 180° anl incr2ased temperazures £or phasss 180° o
360°¢ are continued dirto *the sacond yezcz. The aixed laye:
depth follows th2 same patt=sra ir <ha s=cen gar as -+ 4:id
in the first. This causes <he T, pattern begur in the
first year <to be enhancad in “he s2c¢ond year. Corntinued
pumping of “hs ocean by =his period inzec-ior action enhances
this s%ructurs., If psrmi=ted, i+ wcouli even-ually cause the
uppsr 200 m to become isothermal (in <he cegiosn 95f the 90°
phase a< the 2nd 2f tne y=2ar), £cllow=d by Jdsepening beyond
*he limi+s cf wha= *the model can haniis. I+ would no= be
tealistic, however, to have <this single eriod in%acier
motion continus <or “he szveral y22r0s5 necessarty for <this %o
happen. In reali*y, <he inter2o:s motion would probably be
damped by interactions wita <he Dboundary layar wmixing
processss. There should &also b2 acre than one perciod
present. Furthermo-e, surfacs h2a¢ £lux shou:l be influ-
encad Ly sea surface temps-ature. Th2se three possibilicias

open up avanues £Sor further c-=search.
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3. Eiffsct on Hea:z Content

Equation (3.3) wndica=es “haz change in <the heat
content depends on a3t sur facs hsat flux and o5 pam
the ocean by tae interio- motion. Th: ne= surface heat flux
is prescrib:d and is indsp2andent of the in=eri

or motion.
Subtracting egua<=ion (3.3) for thez cas2 of no intsrior
motion from *he same =2qua“ion wi+a in=2rior mo*ion givas

AH v . (3. 13)
ot = Y =y

where AH is defined by equation (3.11). Equa*ion (3.13)
irdicates +hat upwvelling will cause AH to decrease and
dowrnwellin will cause AH *o <incr2ase. This <can be
cbserved by comparing Figures A.8 anrd A.16. The input %o

hea+ conten< due to net surface h2at tlux alon2 causes H to
increase during the fizst half of the year and decrease
during the seconl half as sheown in Pigure A.6. The combina-
tion of surface heating with th2 2f£fect of the inée:ior
motion produces the saddle-shaped cuzve shewn in Pigure
A. 15,

Ths 2ff2c+ of i fferen* phases of +the inzerior
motion can ke demonstzatad by <h2 Zsllowing tws simple exam-
Fles (Pigures 3.2 and 3.3). No mixing is vpermi%<ed and a
two-layer ccean is assumed for simplici<y.

In <he £irst example shown ia Figu-e 3.2 <“hzzz is
initial downwe2lling €ollowed by heating, =her upwelliing
followed ty cooling and final dowaw2lliing 42 *h2 initéal
mixed layer dapth. When downwelling pr-acedes hea*ing, =he
hea+ is distributed cver a thickar mixed layer. A £ixad
amount of heat will produce a smailer incraase in T ¢han
wculd have rssul=<ed without the downw2lling. If <+his |is
followed by upwelling befor2 cooling, th: thinner mixed
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laysr will -each a lower temperature for a givea amount cf
heat remcved. At <the 2nd of <he complete <cycle “hs mixed
laysr <emp=ratucs will be Lower, Recall that *he hazat
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heat ccnten+,

Upwellirg preceding <h2 hsating season dis“ribuces
1

“he hea= cvsr a “hinner mixed layar, This allows a grea%sr
increas2 ia I +*han would otherwiss occur. If this \is

followed Ly downwelling preceding th2 c¢ooling seasos, a
fix2d amount of heat removed will produce a saaller drop in
T. The ne*t effe~=t will be a higher temperature in the mixsd
layer and a higher heat content.

Beczuse of the asymmetry, as Zllust-atsd in thess
examples, teat is nct consarved for 2 particular phase of
the interior motion. This can ba sesn in Figu-es A.15 and
A.16. At some phases the year-enl hszat con+tent is higher
than it was at the beginning of ths ysar, a< dther phases,
low2r. However, if the heat contan*t is averaged over all of
+he phasss, the year-end value =23uals +he initial value,
The average heat contert for sixta:za a2qually spaced phases
from 0° to 36)¢ was tabula*ed. Ths phase-avsraged value of
A was 0.07°C m less a*t the and of the year than it was
ini¢ially. This small ezcor can be atiributed to the coca:zse
resoluticr of avaraging only sixtesn phases over the erntire
360°.

4. Eff:ct on Rotential Energy

Time rate of change of pota2n=ial ene-gy is giver by
equation (3.4). Proa “his equatisz it can be seen that
surface heating +erds to increase potential energy, surface
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cooling %tends o decrease it. The net surface hea+ flux is
independent of the interior mction s> the effect on P due
t0 #his *erm devends on Jh. If there is an increase ir
mixed layer dapth durinrg hea*ing, the buoyancy added will be
mixed deeper, increasing potential sn2rgy. If <hare is an
increasz in mixed layar depth during cooling +he effect will
be opposize.

The enzrainmert heat flux term has a positive sign

ir equa<ion (3.4). Increased nmixing mcves buoyant water
down and 1less buoyant water upwari, increasing poterntial
ensrqgy.

Ccmpariscn of values 0% th: =2rms of eguaticn (3.4)
indicates =~hat the <+hird term on ztha <cigh* is generally
dominan+. Th2 exception is whsn the interior moticn goes to
zero, twice a year. The £irst term of equatior (3.4) will
not differ g-eatly with end wi<hcut interior mo+icn unless
there is a largs difference in mix2d layer dep<h. Recall
tha+ en<rainmer+t heat €lux <Is neac-ly inversaly propcecr=icral
to mixed layer deﬁth (equaticn (3.9)). Thus, the seccnd
term will nct vacy sigrnificantly. So, the potsn+tial energy
closely follows the :Interior motion. This can be seern by
ccmparing Figuras A.8 =21nd A.18. During downwelliag,
potential erergy increases, during upwelling i< decreasss.

The physical reasoning b2hind the effect cf the
+hird *erm of equation (3.4), thsz pumping <%eram, is +ha+
downwelliag pushes buoyant snurface wa=er downward, whereas,
upwalling is in *he same direction as zthe buoyant forces.

5. Summazy of Response o QOnac¥zer 2eriod Intarior
Sotion

During ¢he first quarter y2ac <here is shallowing
and the interior motion has 1little offect on either pixed
layer depth or <+emperacure. Mil-year upvelling raduces
de¢epening and mid-year downwelling snhances deepening. The
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shallcwar mixed layer resulting from upwelling will <ccol
fas-er; “he deeper wmixed layer r2sulzing £rom downwelling
will cool siower. A cooler mixed layer has & reduced 4T
allcwing fcor a larger sntrainment rate and more rapid
deepening. A varmer apixed layer ds22pens more slowly.

Potential energy and hesat are both directly affectad
bty the in“erior nmoticr. Bcth ars increased by dcwnwelling
and decreased by upwellirng.

Before examining the mixing ¢sponse <+«c higher
frequenciss, an observation can be made regardirg hecrizental
structure prcduced by the interior aotion. As no=ed in
chapter one, phase may be related > horizontal displacemen+
by subkstitu<ing

21T x
¢ = — (3. 14)
intc equaticn (2.20) +o cktain
voli NN (P L S g\Tx) (3.15)
v e )

The waveleng«h, L, wmighz be on <ths ordsr of 300 km, large
enocugh for +he cne-dimensioral assumption to be valid.
Figur2s A.12 and a. ¥4 shew ¢th2 development cf hori-
zon=al bards of positive and negaziv: mixed layer tempera-
ture anoma2lies which would r2sult f£:o>m a one~year period
interior wvave. Because ta2mpera+ur: is assumed 0 be verti-
cally homogeneous in the mixed layer, T,  also rep-esents
sea surface *emperature. Figures A. 11 ard A.13 shov a time
sequence of the horizontal s2a surface temperature field
resul¢ing from the interior amotion, <he heat cycle and
mixing grocesses. The entire surface waras during the
haating seascn and cools during tha cooling season. During
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the first half of the first year, <here is no significan-
difference in sea suyczface tampsrature along <“he horizcn<«al
axis. After the first half ysar, the region where therz is
upwelling a* <+tha start of the cooling seascn becomes and
remains cooler than the region where <here is dewnwelling at
the start c¢f the cooling seascn.

D. EFFECT OF SHORTER PERIOD INTERIOR HNOTION

Ccmparison of Pigures A.19 and A.21 shows tha+s as befor

(1)

downwelling incraases despening and upwelling reduces deep-
ening. This car also be obsezved by comparing Figurss 4.30
and A.32 ezd by comparing Figures A.39 and A.41. The mcre
rapid wvariaticn in wmixed layer depth dces not yield <the
strong effect on tewmperature fcurd for the one-yzar period
interior mo%isn. This can be sesn in the waaker gradisnts
of AT,,_  cf Figures A.23, A.34 and A.43 compared %o that of
A.12. Hence, “he higher frequency iazerior mo«icr does not
hav2 as streng ax 2ffect on the waixed layer as +he lower
frequency mcticn doess.

The seccend ysar tempsratucs

w

data was plotted for +he
half-year pericd interior motion in Pigures A.24 ard A.2S.
Notice <hat the same structure sezn i1 *he first year reap-
pears in <he secong, but the <¢old spocts have not grewn
significantly colder nor ths warm spots warmer as in the
case o0f the one-year pericd motior.

As before, ~he heat and potential =energy differcernces,
AH and AP, track along withk ‘he iazecicr mo*ion as seen in
Figures A.27, A.29, A.36, A.38, A.45 and A.47. The
resulting ccntours of H and P appoear mors complax. This is

because “he values ¢f H and P without the interiocr motion
follow a cne year cycle (Piguras A.6 and A.7) acd +«he higher
freguency cycles due +¢2 +<he pumping by <h2 intericr mction

are superimpcsed on the ons year cycle.
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Fcr the cne~year period interior motior, upwelling las*s
long enougn to enhance c¢ooling significan<ly (a+ phases
around 90°) and downwelling lasts 1long enough to inhibi4
cooling sigrificantly (at phases arcund 270¢). The sherter
periods dc no+* maintain upwelliny and downwelling 1long
enough =0 produce an effect this stronjg.

E. ASYMMETRY IN ENHANCED AND REDUCED MIXING

In Fiqures 2.48 and A.49 +ths valuss of pezak enhanced
e

A.48 and A.49, respectivaly). Nzgazive values of AT,
indicate ernhanced cocling due to =he inzerior mo<ion. The
maximum absclute wvalue of all of <th: negative AT, datz
pocints was detz2-minad ¢5 indicate “he peak enhanced cooling.
Posi+ive valuss of AT,  indicatz =r=2duced coosling. The
maximum value of 3ll of “ha positive AT._ data points indi-
cates the peak rceduced coolirng. Ths positive valuas dc no*
geaerally indica*e enhanced Leating, because the wvava has
ve-y littles effect on the mixed layer tcemperature during <+he
heazing season.

The £ir-st cbvious observation that can be made fronm
Figures A.48 and A.49 is that thz largest peak anomalies
occur witk the on2-year period izntarior motion. For the
one-year peci0d intarior aotion the pzak enhanced and peak
reduced mixed 1layer cooling is 2.0% and 2.16°C, Taspec-
tively. Por the one-half year period mo+ion <“hese values
are 1.35 and 1.15°C, respactively. Also, for each of the
periods studied, “he difference between the peazk enhanced
cocoling and the peak =zeduced cecaling is greatar in cthe
second year than in the firs=z. All of +he periods studied
excopt tlke one-year p2riod have greater peak enhanced
cooling than peak reduced cocling.
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The phase-averaged values of <he variables ah, AT,
AH, and A? wers computed £for sixtean egually spaced phases
from 0° to 360°. The phass-averaged values a¢t the ernd of
the first and +he 2nd of the secoad model years are listed
in Tabls I. These valu2s indicate =the ne: effect of the
interior mcetion after =2ach year of interacting witzh <the
mixing procssses. Consistent with “he resul-s shown in
Figu-es A.48 and A.49, <he re2sults in Table I indicate that
the ons-year period in+terior mo=ion has produced a net

reduction of mixed layer cocling. The highe: £frequancy
interior motion has produced a net snhancement of ixad
layer cooling. For all of the pariods studied there has
been a net ra2duction of the mixed layer dapth. Heat is

conserved, hence the phase-averagzd wvalue of Ad is zero at
the end of each year. The effect of the ons-year period
intarior motisn was to decrease the po+ertial energy. The
higner frequency interior motion proiuced a net increase in
poterntial energy.

A ne< increase (decrease) in potan+ial 2rergy indicates
that +h2 interior motion has enhanced (reduced) the overall
mixing. The amount of deepening required to produce an
equivalent incrsase in potertial energy is instruc+tive.
This can e€asily be calculated for the simplified example of
a ~vwo-layer ocean, illustrated in Figure 3.4 with initial
mixed-laye:z <emp=erature, T, and depth, h.. This mixed layer
is deepened <o h, with nev mixel layer <temperature, T,.
Hea+ is ccnservel, s0, using *he defini<ion for th2 heat
variakle, H, given in 2quatior (2.32):

(T, - T )b,

(Te - Tp )h, (3. 16)

Using equa+ticn (2.31), “he change ian the po*teatial 2neray is
given by

49




a (3.17)

‘.

Substituting 2quation (3.16) into 23uation (3.17) yields

N -‘;-(TC~TD)L\‘,(¥\.~L\‘) (3.18)

The term T,-Tp is just the initial enzrairment zZone tempera-
+ure Jjumg. The dincrease in potential erergy due to deep-
ening with hz2a% consezvad is 4dirsctly proporticnal to cthe §

j ircrease in mixed layer depth for ths =wo-layar :=xample. i
§
. z
1\ TD T \l - q.l..-
< 5T - T

ini+ial profile af-er nmixiag

Figure 3.4 Tvo-Layer Jcean Example.

Consider aovw the thase-averaged po%2ntial eaergy anoma-
lias a+t the end of the €£irs+ y=ar, shown in Table 1I.
Suppose <+the 4initial mixed 1layer 3epth is 7S m and the
initial temparature jump is 4°C. The net reductior of
potential enargy for the one-year period interior motion
would then ke aquivalent t£#c¢ a reduc2d mixed layer depth of
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0.73 m. The net increase of potential 2anergy f£or <the ona-
half, one-+hird, and ons-quartar yzar periocd intericr mec=ion
is equivalent to an incresase of aixed layer d=pth by 1.6,
1.8 and 1.8 m, rsespectively.

The amount of dcwnwelling arnd upwelling are the same
over the whola year and for all phasas. Yet, the net reiuc-
tion of mixing and mixad layer «codliag does not equal +he
net enhanc2ment ¢f the same. The net s2ffect of *he one-ysar
period int=2:i>r motion is to hinder mixing. The net effect
of the sher=er period interior motion i1s to znhance mixirg.

TABLE I
Phase-Averaged Mean Anomalies

Phase-avesaged m2an of:
Day Oh AT, AH apP Pariod
(m) (“C) (°C m) (°C m ) (years)

0 o. o. o. - OO
365 ")-'43 ’0006 00 01090 ‘
730 -0-71 "'0.22 0. -6u5.

0 0. 0. 0. 0.
365 -0. 16 -0.05 0. 239. 172
730 -0.16 -0.06 0. 331.

0 0. 0. Je 0.
365 -0.23 -0.¢C5 0. 267. 1/3
730 -0.23 -0.0Q7 . 435,

9 0. Je 0. 0.
365 -0.31 -0.405 0. 275. 1/4
730 -0c 31 ‘0'07 0. “510
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A. CONCLUSIONS

Seasonal-scale interior mo+ion has a significant effect
on boundary laver mixing processes. This effect 1is most
pronounced whan the period of th2 interior motion 1is crne
year. For this pericd, wupgwelliny between +he heating and
ccoling seasons can strongly enharnce mixed layer cooling and
subsequent deepening. Downwelling can strongly reduce <he
sam=., This effect may produce a significant, observable
horizontal paztezn in sea surfacs temperatura. Al hough
thare is negligible eff:c: on sea surface <“emperature and
mixed layer deptn during the begianing of <he hea%ing
season, the intarior motioca dces affsct the poten+tial energy
ard heat «ccntsn*t at this time. Threughout the year the
pctential en2rgy and heat are diractly related <o the

pumping by <“h2 interior motion. Upweliing decreases and
downwellin increases both potantial enezgy ard heat
content.

Higher £frequency intericer motion 4does not have as sirong
an effsct. The cycling betwsen upwelling and downwelling
during the cooling =<season preveants the strongly enhanced
mixed layer ooling £r-om osccur=ing.

The effect of the interior motion <is asymme“ric.
Generally, *he enhancement of aixing and mixed layer ccoling
exceeds the reduction of the sanme. The wexception ¢o this
occurs for “he ons-yaar pa2riod inzarior motion.

B. RECOMNNEMNDATIONS

One aspact of <+his research which daparts from ceality
is in prasczibing a single wave f[or the in*e2-ior motion.
This could ke changed quite easily by prescribing
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The awmplitudes, W,, and periods, T,., could be based on <he
first few dcminant frequency componsu%ts observed in actual
wave spectra.

Another way t+hat r=2ality could be aoze closaly
approached Is by allcwing th=2 n2t surface hea* flux o var
depending c¢n *he sea 3surface <tzmparzature. This should
dampen the strongly erhanc2d or reduced ccoling of the mixed
layer temperature seen with the on2~-yzar period mction.

An area open to further researcn 1is to use a finite
depth ocean and an appropriate vertical wave structure. An
appropriate wave structure for plans+tary wavss Is giver by
Willmot+ and Mysak (1980) . In *hesir work the wvertical
motion is linear in the mixed layer:

ot w
oe”

= C R (#.2)
but, telow ths mixed layer the vertical moction is given by

N & . l'l.
3 w r(,?‘:.)"’":O . (4.3)

\ T C o

o 2

where N2 is rthe Brun+*-Vdisadld fraguency and ¢, represents
the spesd of p-cpagating long waves in =<he non-rctating case
fcr mede nuamber 1. The solutions 2£ eguations (4.2) and
(4.3) must be mazchad at the base 9f <he mixed lavyer, ==h,
+o 2nsure con-inui+y cf the vertical valccity. The boundary
conditions are tigid 1id and 1o normal £flow through <=he
ocean bottom, so, w=0 at 2=0 and at the ocean bottoa. At
each time step “bhe mixed layer Jepth is racalculated and so
the vertical wava st-ucture p-oblam would 215> hava +o be

solved for <he new w(2). Th2 combination cf this sor+ of
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ver<ical wavs struc-ur2 with the Garwocd model for bcurdar

% in<erasting arza for

"

layer mixing processes could provids
future study.

In “his study tte interior motion was prescribed arnd
actsd on thes aixed layszr. The interior motion was not
allowed *to Le changed by the mixed laysr processes. If, for
example, <the wave motion enhances mixing, <he ZIacrease in
potantial ensrqgy should be balanczd by a dectease in wave

nergye. Although *“hke frzquenciss consiierszd nhere are much
lower than <hose in the work by Bsll (1978), <+*he p-ocsesses
involved could b=z sirgilar,
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